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Experimental Procedures
HEPD 1 and MPnS 2 were expressed and purified as described previously. O isotopic ratio at fractional conversion F, and R 0 is the isotopic ratio at time 0, and errors on KIEs are reported as the standard error from the nonlinear curve fitting, except for that of HEPD on H 2 -HEP, where the KIEs are calculated for each individual experiment and averaged, and the error is reported as the standard deviation of three measurements.
Reactions of HEPD and MPnS were carried out in 25 mM HEPES, pH 7.5 at 20 °C with 0.5 -1 mM O 2 and 0.5 mM HEP. The enzymatic reactions were initiated with addition of 1 -2 µM enzyme that was freshly reconstituted by addition of 1. Figure S4) . A similar dilemma arose in the glucose oxidase catalyzed reduction of molecular oxygen to superoxide anion by electron tunneling, necessitating a treatment of environmental reorganization of the oxygen motions quantum mechanically. 4 We now extend the treatment applied by Roth et al 4 to
the nuclear tunneling of hydrogen from substrate to the activated oxygen of DβM.
Following on the work of Jortner, the rate of electron tunneling can be expressed by the following expression:
where ħ is reduced Planck's constant, |V| 2 is the electronic coupling term in the unit of energy, and exp(F) is the Frank-Condon factor. F is expressed by the following equation:
According to the above, λ in and λ out are inner-and outer-sphere reorganization energy, ΔG 0 is the driving force of the reaction, ω and ν are the average frequency [ω = 2ω react ω prod /(ω react + ω prod )]
and reduced frequency (ν = ħω/k B T) of the vibrational mode treated quantum mechanically, and y is the solution from the following equation:
In this quantum mechanical treatment, λ in , λ out and ΔG 0 are considered isotopic insensitive.
Therefore, the isotope effect on the rate of ET is solely from the change of ω, and consequently ν and y. (Figure S4) .
As a comparison, we also present the trend that a semi-classical approach predicts. 
From the definition of equilibrium isotope effect, we have:
We then relate the equilibrium constants to the driving forces: Plugging Eq S10 into the first term of Eq S7 to the right of the equal mark: We conclude first, that while the quantum mechanical theory of Jortner 9 was derived for electron tunneling mechanisms, it is able to accommodate the hydrogen tunneling mechanism for DβM and second, that the environmental reorganization at oxygen is occurring predominantly via heavy atom tunneling. 
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